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Charmonium spectroscopy provides strong guidelines to effective field
theories, thereby gaining insight into quark confinement and the genera-
tion of hadron masses. Hadronic transitions between charmonium states
have been measured with unprecedented high precision with the BESIII
spectrometer at IHEP Beijing, China. We present systematic studies
of isospin-violating decays in charmonium, such as ψ′ → pi0J/ψ and
ψ′ → pi0hc, and their improved measurements of their branching frac-
tions.
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1 Introduction
The charmonium system covers a valuable energy region, where both the perturbative
and non-perturbative QCD dynamics can be studied. Potential models have been suc-
cessful in describing the charmonium spectrum, particularly below the open-charm
threshold (for an overview, see [1]). However, in some cases experimental results
differ significantly from the results of potential model calculations, and the possible
explanation of these discrepancies are non-perturbative effects, such as effects of in-
termediate charmed-meson loops [2]. The importance of these loops can be studied
by the BESIII experiment.
A potential model that is based on a non-relativistic framework and for which the
potential is taken in the form of Coulomb plus linear terms, predicts a 2S hyperfine
splitting of M(ψ′) − M(η′c) = 67.0 MeV [3]. This is about 20 MeV larger than
the experimental value of 48.5±3.3 MeV [4]. Including coupled-channels effects into
the theoretical model improves the agreement between the theory and experiment,
predicting a splitting with a size M(ψ′) − M(η′c) = 46.1 MeV. It is tempting to
conclude that the ψ′ − η′c splitting reflects the influence of virtual decay channels [3].
Further hints to the importance of intermediate charmed-meson loops (ICML)
can be in radiative transitions in charmonium. For instance, the prediction of a non-
relativistic potential model for the width of the M1 radiative transition ψ′ → γηc is
9.7 keV [5]. This result is nearly one order of magnitude higher than the experimental
value from the CLEO-c data, which gave a width of Γ(ψ′ → γηc) = 0.97±0.14 keV [6].
Such a large discrepancy suggests that one cannot disregard ICML in theoretical
calculations and that quenched quark models cannot be applied. Recently, a new
unquenched theoretical model based on an effective Lagrangian approach was devel-
oped [5]. The prediction of this model is Γ(ψ′ → γηc) = 2.05+2.65−1.75 keV, which is
in reasonable agreement with the measured value. Moreover, quenched lattice cal-
culations predict a value Γ(ψ′ → γηc) = 0.4 ± 0.8 keV [7] that overlaps within one
standard deviation with the experimental result. Note that the large uncertainty in
theoretical calculations complicates the physics interpretation and a further tuning
of the existing models is needed. From the experimental side, an improvement of
the precision of the partial widths and, therefore, more measurements of radiative
transitions in the charmonium mass region are needed.
The BESIII experiment [8] at the BEPCII e+e− collider in Beijing obtained the
world’s largest data sets of vector charmonium states both below and above the open-
charm threshold. The precision of various resonance parameters and decay properties
of charmonium states has been improved significantly by BESIII with respect to
previously published results. Furthermore, rare charmonium transitions have been
successfully observed for the first time [9].
In this paper, we present a fraction of the recently obtained results with BESIII,
namely systematic studies of isospin-violating transitions in the charmonium system,
1
such as ψ′ → pi0J/ψ and ψ′ → pi0hc. The relevant transitions in the charmonium
system are depicted in Fig. 1.
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Figure 1: An overview of the studied isospin-violating transitions in the charmonium-
mass region measured by BESIII. The gray dashed arrow indicates the open-charm
threshold. The solid arrow indicates the transition ψ′ → pi0J/ψ. The fine-dashed
arrow shows the transition ψ′ → pi0hc. The dashed arrow shows the isospin-violating
process e+e− → pi0J/ψ at a center-of-mass energy of √s = 4010 MeV.
2 Measurements of branching fractions of
ψ′ → pi0J/ψ
The hadronic transitions ψ′ → pi0(η)J/ψ in the charmonium system were considered
to be a reliable source for the extraction of the ratio between up and down quark
masses [10]. There are two possible sources of the isospin symmetry breaking, namely
the electromagnetic processes and the difference between the masses of up and down
quarks. Particularly for the isospin violating transition ψ′ → pi0J/ψ (indicated by
the solid arrow in Fig. 1), the contribution of electromagnetic processes was shown
to be negligible [11]. Thus, for a long time, there was hope to access the bare masses
of light quarks using this transition.
Based on a leading order QCD multipole expansion, the relation between the
masses of the up and down quarks (mu,md) and the ratio of the branching fractions
of charmonium transitions Rpi0/η =
B(ψ′→pi0J/ψ)
B(ψ′→ηJ/ψ) can be written as [10]:
2
Rpi0/η = 3
(
md −mu
md +mu
)2 F 2pi0
F 2η
M4pi0
M4η
∣∣∣∣∣−→q pi0−→q η
∣∣∣∣∣
3
, (1)
where Fpi0(η) and Mpi0(η) are the decay constants and masses of the pi
0 and η mesons,
respectively, and −→q pi0(η) stands for the momentum of the corresponding particles
produced in the transition ψ′ → pi0(η)J/ψ in the ψ′ rest frame.
The up-down quark-mass ratio obtained using Eq. 1 combined with the experi-
mental results from the CLEO-c collaboration [12] is mu/md = 0.40 ± 0.01, which
is in discrepancy with other experimental methods, for example using the masses of
the lightest scalar mesons [13]. It was suggested by various theoretical groups that
the main source of discrepancy is the contribution of ICML [2]. In Ref. [2] it was
shown that in the charmonium transitions ψ′ → pi0(η)J/ψ the contributions of ICML
are enhanced by a factor of two compared to the tree-level contributions. Thus, the
light-quark mass ratio can only be extracted from these decays after establishing a
complete effective field theory up to next-to-leading order.
Recently, the BESIII collaboration performed a new measurement of the ratio of
branching fractions Rpi0/η, with pi
0(η) → γγ and the leptonic decay mode of J/ψ
(J/ψ → e+e−/µ+µ−) [14]. The reconstructed two-photon invariant-mass distribu-
tions of pi0(η) together with the background contributions are shown in Fig. 2. Clear
signals from the pi0 and η decays can be observed. Points with error bars represent
data, the red solid lines represent total fit results, the dashed lines show the fitted
background shapes and the filled histograms are the background shapes obtained from
inclusive MC simulations of ψ′ decays and from a side-band analysis. The value of
the ratio Rpi0/η was found to be Rpi0/η = (3.74±0.06±0.04)%, which is in good agree-
ment with the previously reported measurements [12] and its precision is significantly
improved.
The current estimate of the ratio of branching fractions Rpi0/η provided by the
non-relativistic field theories is (11 ± 6)% [2]. This value falls within two standard
deviations from the experimental result. The theoretical value lacks precision and
the existing model needs further improvement. To this end, systematic experimental
studies of isospin-violating transitions in the charmonium system are needed and can
be carried out by the BESIII experiment. Such studies will in general help to improve
our knowledge concerning non-perturbative effects in a relatively simple system such
as charmonium, thereby testing the dynamics of QCD.
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Figure 2: Two-photon invariant-mass (Mγγ) distributions and fit results. (a) ψ
′ →
pi0J/ψ, J/ψ → e+e−, (b)ψ′ → pi0J/ψ, J/ψ → µ+µ−, (c)ψ′ → ηJ/ψ, J/ψ → e+e−,
(d)ψ′ → ηJ/ψ, J/ψ → µ+µ−, where the points with error bars are data, and the
red solid lines are the total fit results, and dashed lines are the fitted background
shapes. The filled histograms present the shapes of the total background contributions
obtained from a complete MC simulation of all possible ψ′ decays excluding the
channel of interest, and from the side-bands analysis.
3 Measurements of branching fractions of
ψ′ → pi0hc
Another isospin-violating transition, ψ′ → pi0hc (shown with the fine-dashed line in
Fig. 1) was observed by the BESIII collaboration [9]. This observation provided
the first measurement of the branching fraction of this transition and its value was
found to be B(ψ′ → pi0hc) = (8.4 ± 1.3 ± 1.0) × 10−4, corresponding to a width of
Γ(ψ′ → pi0hc) = 0.26± 0.05 keV. Non-relativistic effective field theories predict that
the contribution of the ICML is in the order of 10% [15]. By only accounting for the
tree-level contributions and using a dimensional analysis, the width of the isospin-
suppressed process is estimated to be Γ(ψ′ → pi0hc) = (0.9± 0.6)C2 keV, where C is
the order of one. The theoretical value is in reasonable agreement with the experi-
mental data, which supports the model and the dominance of tree-level contributions.
Also this value is consistent with predictions of single-channel calculations based on
a QCD multipole expansion using the Cornell potential model, which gives a partial
width of Γ(ψ′ → pi0hc) = (0.4− 1.3) keV [16].
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4 Measurements of branching fractions of
e+e− → pi0J/ψ at √s = 4.009 GeV
Effects of ICML above the open-charm threshold are expected to be significant accord-
ing to existing theoretical models. For instance, an unquenched effective Lagrangian
approach based on heavy-quark symmetry and chiral symmetry [17] predicts that the
isospin-violating process e+e− → pi0J/ψ is strongly affected by the open-charm effects
and that the cross sections of these reactions as functions of energy may provide an
opportunity for revealing the significance of ICML contributions. Authors provide
calculations of σ(e+e− → pi0J/ψ) for the energy range of 3.65-4.30 GeV. Recently the
isospin-breaking process e+e− → pi0J/ψ at √s = 4.009 GeV ( shown as the dashed
line in Fig. 1) was studied by BESIII [18]. An upper limit on the pi0J/ψ production
cross section is set at σ(e+e− → pi0J/ψ) < 1.6 pb at a 90% confidence level. This
measurement is in agreement with the upper limit set by the CLEO experiment [19],
σ(e+e− → pi0J/ψ) < 10 pb at a 90% confidence level and also does not contradict
the theoretical prediction [17]. The theoretical calculations are dependent on the
relative phases among the resonance transition amplitudes and give an upper limit
of around 5× 10−2 pb. However, more systematic measurements are needed to draw
more solid conclusions.
5 Summary
In summary, we present recent BESIII results on a study of isospin-violating tran-
sitions in the charmonium-energy region, e.g. on the transitions ψ′ → pi0J/ψ,
ψ′ → pi0hc and e+e− → pi0J/ψ at √s = 4.009 GeV. These experimental studies
give an important input for the construction of an effective field theory that will re-
veal the effects of intermediate charmed-meson loops on transitions in charmonium
system and would provide us more insight on the dynamics of non-perturbative QCD.
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